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LOW-SPEED WIND-TUNNEL INVESTIGATION OF A SERIES OF 

TWIN-KEEL ALL- FLEXIBLE PARAWINGS 

By Rodger L. Naeseth 
Langley Research Center 

SUMMARY 

Low-speed wind- tunnel studies were made to obtain the static aerodynamic charac­
te r i s t ics  of a s e r i e s  of twin-keel all-flexible parawings. The parawings, in flat planform, 
had a leading-edge sweep angle of 45O and generally a 20-percent keel length cut off the 
apex of the basically triangular shape. Suspension l ines were attached to the inner pa r t  
of each parawing in two rows o r  keels to form three lobes when the parawing w a s  inflated. 
The arrangement of the keels was varied to form a s e r i e s  of 10 parawing models. The 
nose of each model was contoured in such a manner that the airfoil sections in the center 
panel of the model had rounded leading edges. 

The maximum observed lift-drag ratios of the models ranged from 2.6 to 3.2.  The 
model with the center panel which tapered from 40-percent keel length at the nose to 
80-percent keel length at  the trailing edge had the highest lift-drag ratio. The resultant-
force coefficient for  this model w a s  about 0.75 at the maximumlift-drag ratio. Maximum 
resultant-force coefficient w a s  increased and maximum lift-drag ratio w a s  decreased by 
shortening the aft keel lines. The maximum value of resultant-force coefficient shown 
for  the s e r i e s  of models was 1.28 (at a lift-drag ratio of 2.0); this value was obtained for  
the model with the center  panel which tapered from 40-percent keel length at the leading 
edge to 20-percent keel length at the trailing edge. The model with parallel keels and 
a center-panel width of 40-percent length reached a lift-drag ratio of 2.95 at  a resultant-
force coefficient of 0.95. 

Line-load measurements indicated a high loading at the front of the keels and a 
decrease in loading toward the trailing edge of the parawing. This keel loading differs 
significantly f rom previously reported measurements on a single-keel model. The 
leading-edge line loads were s imi l a r  f o r  the twin- and single-keel parawings. 

Results of a limited flight- test  program indicated that the twin-keel parawing would 
glide when the rigging, except for  control-line length, was set as determined in the small-
scale wind-tunnel tests.  
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INTRODUCTION 

The National Aeronautics and Space Administration has  been investigating all-
flexible fabric wings to  define and evaluate their  performance, stability, control, and 
deployment characterist ics.  Wind-tcnnel test resul ts  f o r  a variety of single-keel con­
figurations are presented in reference 1, and test resul ts  for  a single-keel parawing 
applied to a lifting-body model are presented in reference 2. The present investigation 
was undertaken as pa r t  of a research effort to provide advanced wing configurations 
having improved aerodynamic character is t ics  over the single-keel design of references 1 
and 2. Systematic variations in the planforms of a family of twin-keel parawings were  
of pr imary interest. 

Some of the twin-keel configurations had relatively large center-panel widths, and 
it was recognized that the design details used on the nose of the center panel could have a 
significant effect on the wing performance characterist ics.  An investigation of nose 
design details was therefore undertaken to provide a satisfactory center-panel leading 
edge for  the planform investigation. Various leading- edge treatments have been used in 
the past and some a r e  shown in references 3 and 4. A contoured nose shape was devel­
oped in the present study and was used throughout the planform investigation. 

Preliminary test resul ts  for  one of the parawings of the present twin-keel planform 
study are presented in reference 5 and show that a maximum lift-drag ratio of 3.0 was 
achieved. This twin-keel wing, along with a single-keel wing, was  selected f o r  devel­
opment of deployment technology and controlled flight at  a l a rge r  scale. The resul ts  
of this wing-technology work are given in references 6 and 7, and wind-tunnel tes t  resul ts  
obtained on a twin-keel parawing in this  program are presented in reference 8. 

The present investigation included determination of the rigging and aerodynamic 
characterist ics for  a family of twin-keel, all-flexible parawings. The flat planform was 
held nearly constant for  the main series of parawings, the nose cutoff being about 
20-percent keel length. In a subser ies  of parawings the center-panel width and hence the 
nose cutoff was varied. The pr imary variable in the family of 10 parawings was the 
arrangement of the twin keels. The l imits of variation of the keel flat-planform arrange­
ment were from a Y-shaped arrangement in which the twin keels were merged in  the rear 
par t  of the parawing to a tapered center-panel arrangement for  which the aft ends of the 
keels were more  widely spaced than the front ends of the keels. A practical contoured 
nose fairing was evaluated on an intermediate model and applied to all the models. 

Most of the present work was done in the wind tunnel by the tether-test method. 
Elevated-platform and helicopter drop tests were  also made of two of the parawings to 
demonstrate stable gliding flight. 
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The tes ts  of the parawings in the wind tunnel were  made at two dynamic pressures .  
The confluence of l ines was  held by a clamp. The angle of the sting to which the clamp 
was attached was varied during the tests. The investigation was  made in the 17-foot 
(5.18-meter) test section of the Langley 300-MPH 7- by 10-foot tunnel. Drop tests were  
made at the NASA Wallops Station and at the Langley Research Center. 

SYMBOLS 

The data  presented in this  report  are referred to the axis system shown in figure 1. 
The reference area and the reference length used in computing the coefficients are pre­
sented in table I. 

reference length, l k  minus nose cutoff 

Dragdrag  coefficient, ­
qs 

Liftlift coefficient, ­
q s  

pitching-moment coefficient, 

resultant-force coefficient, 

Pitching moment 
- ~ ~ ­-

qsc 

J.2 + cD2 

tension coefficient. Line tension 

“Llift-drag ratio, 	 __ 
CD 

keel length of theoretical parawing-canopy flat planform, measured from 
theoretical apex to trailing edge at plane of symmetry, f t  (m) 

nondimensional length of keel and leading-edge suspension lines, measured 

from parawing to top of clamp, Line length 
‘k 

incremental nondimensional length of a line 

free-s t ream dynamic pressure,  lb/ft2 (N/m2) 

area of parawing-canopy flat planform, ft2 (m2) 
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Xk,xle parawing keel and leading-edge l inear dimensions, respectively, ft (m) 

x/Z k line attachment point along parawing keel o r  leading edge, xk/lk o r  xZe/zk 

CY angle of support sting measured from direction of windstream to sting center  
line, deg 

OLW angle of keel line number 8 measured from normal to windstream when 
viewed from side, positive f o r  rearward displacement of line, deg (for 
the model with the solid nose fairings, keel line number 9 was used) 

A0 angle of sweepback of leading edge of parawing-canopy flat planform, deg 

DESCRIPTION O F  MODELS 

Wind-Tunnel Models 

Flat-planform drawings of the 10 models tested are shown in figure 2. A more 
detailed drawing of each model is presented just  p r io r  to presentation of the associated 
aerodynamic data, and the line lengths used in the tests are plotted with the aerodynamic 
data. Pertinent model geometric characterist ics are given in table I. The models were  
all of sewed construction. The canopy material  was 1.1-oz/yd2 (37.3-g/m2) acrylic-

All wind-tunnel models were riggedcoated rip-stop nylon and had zero permeability. 

with 135-lb (600-N) test dacron line which was used because it had low-stretch 

characterist ics.  

The models (fig. 2) all had 45O sweepback of the leading edges of the flat planforms, 
but differed, mainly, in  the arrangement of the twin keels and in the amount of nose cutoff. 
(See table I.) All models, except model 10, can be arranged in two se r i e s  of wings. 
Models 1, 2, 3, 5, 6, 8, and 9 form the main ser ies ,  with constant nose cutoff (0.202k) 
and various keel-cant angles; models 4, 5, 6, and 7 form a subser ies  of parawings varying 
in  center-panel width and hence nose cutoff but all having parallel  keels. The center-
panel widths for  the subser ies  were as follows: 0.400 Zk, models 50.333 .?k,model 4; 
and 6; and 0.462 Zk, model 7. The design of model 10 was based on early test results;  
model 10 had keel-cant angles about the same as those of model 8 and, as discussed sub­
sequently, a modified nose shape. 

A change in the sweep of the trailing edge and in the length of the unswept part  of 
the trailing edge resulted from the variation of the twin-keel arrangement. Two keel­
line-attachment spacings were  used. Models 4, 5, and 7 had the keel lines evenly spaced, 
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and the other models used an unequal spacing previously used on many single-keel 
p a r  awings. 

The model support fixture is shown in figure 3. Most of the l ines were  held by the 
clamp; however, the two aft keel l ines passed through the eyebolt and the two wing-tip 
l ines were attached outboard on the crosspiece. 

Model 5 was tested with three solid nose fairings in  work which led to the air-
supported contoured nose fairing, which was incorporated into the design of all the models. 
Photographs of the solid fairings are shown in figure 4(a), and drawings of these three 
fairings are given subsequently with the aerodynamic data. Photographs of the contoured 
nose fairing for  model 5 are given in  figures 4(b) and 4(c). Photographs of the other 
models with this fairing are given in figures 5 to  7. (A photograph of model 6 is not 
shown; however, its appearance is very much the same  as model 5 (see fig. 4(b)) since 
the models differed only in line spacing along the keel.) The details  of the d a r t s  and t ies  
used to shape the nose fairings of models 1 to 9 are shown in figure 8(a). These details  
are given for  model 10 in figure 8(b). Model 10 had more  d a r t s  in the center panel than 
the other parawings and had no d a r t s  in the outer panels. Planform drawings are shown 
with the data for  each parawing, but the nose-shape details  are not repeated. 

Flight-Test Models 

Wind-tunnel models of parawings 5 and 9 were  tested in free flight. Line lengths 
used i n  these flight tests are given in table II. In addition, a l a rge r  model of parawing 5 
planform was constructed and tested in free flight; this l a rge r  model had a keel length 
of 22.76 f t  (6.937 m). The canopy for  the l a rge r  model was  made of 2.9-oz/yd2 
(98.3-g/m2) nylon cloth, and the l ines were nylon of 1000-lb (4448-N) rated strength.-

The nylon cloth had a permeability of 10.9 ft3/min (3.32 m3/min at a p res su re  of 
0.5 in. (1.27 cm) of water. ft2 m2 

Weights were used as payloads for  the flight tests of models 5 and 9 for  which 
i!k = 75 in. (190.50 cm). The l ines were attached to the payload either by an eyebolt o r  
by a frame scaled down from the dimensions in figure 9 to simulate the attachment points 
of an Apollo spacecraft deck. 

A model of the Apollo spacecraft (see fig. 9) was  used as a payload f o r  the l a r g e r  
model of parawing 5 planform, for  which Zk = 22.76 f t  (6.937 m). The lines of this  
model were attached by connectors to 28-in. (0.71-m) s t r a p s  which in turn snapped into 
the eyebolts shown in figure 9(b). The s t r aps  were  made of nylon webbing of 5500-lb 
(24 464-N) rated strength. The l ines were  grouped on the connectors as shown in 
figure 9(a). 
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.. . . ..... .. .-.. 

EXPERIMENTAL PROCEDURE 

Test  Conditions 

Static wind-tunnel tes t s  were  conducted in the 17-foot (5.18-meter) tes t  section of 
the Langley 300-MPH 7- by 10-foot tunnel. Tes t s  were  made at dynamic p res su res  of 
1.0 lb/ft2 (47.9 N/m2) and 2.0 lb/ft2 (95.8 N/m2). 

Free-flight tests were  made at the Langley Research Center and at Wallops Station 
from an elevated platform and from a helicopter. Drop tes t s  from the elevated platform 
were  made from a height of 90 f t  (27.4 m) with a wing loading of 0.25 lb/ft2 (11.97 N/m2), 
Drop tes ts  f rom the helicopter were  made from heights of 300 and 500 ft (91.4 and 
152.4 m) with a wing loading of 0.55 lb/ft2 (26.33 N/m2). 

Tether- Test Method 

Sketches of line attachments to the balance f o r  wind-tunnel tests are shown in 
figure 3. The line-attachment fixture was mounted to the model support sting, which 
was varied through the sting-angle range during the tests.  Because the model attitude 
relative to the sting is not fixed, but var ies  somewhat as the sting is moved, the angle of 

attack of one of the parawing keel lines ow was measured in addition to the sting 
angle a. Tests  made in this  manner are referred to as tether tes ts  and are discussed 
in reference 1. Tes t s  were  made through a range of ol, limited at the low end of the 
range (highest lift-drag ratio) by the angle at which the nose started to tuck under and at 
the high end of the range by model instability. The aft keel l ines and/or wingdtip lines 
were  used to adjust the model attitude relative to the sting system. Longitudinal and 
lateral oscillations at  the high angles of attack limited the test  range to the values shown 
in the data figures. Data were obtained by means of a six-component strain-gage balance. 

Free- Flight Tes t s  

The wind-tunnel model of parawing 5 planform was dropped from the elevated plat­
form either with the lines in a confluence-point configuration (attached to a single eye­
bolt) o r  with the l ines separated to simulate the deck attachment configuration of the 
Apollo spacecraft. 

A l a rge r  model of parawing 5 planform was dropped from a helicopter, with a 
model of the Apollo spacecraft (fig. 9) used as a payload. In these tests, the parawing 
was packed in a cylindrical bag which was placed in a receptacle provided in the Apollo 
model (fig. 9(b)). A bomb shackle attached to the helicopter was used to  hold the space­
craft  and release it in flight (fig. 10). A static line was  used to break the pack out of 
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the spacecraft and deploy the parawing. The details  of the drop equipment and pro­
cedures are reported in reference 9, and test conditions are given in table m. 

Line-Tension Measurements 

Line- tension measurements were  made with a hand-held tensiometer developed 
and described in reference 1. The tensiometer had a wide range of sensitivity. The 
measurements were  made at dynamic p res su res  of 1.0 and 2.0 lb/ft2 (47.9 and 
95.8 N/m2). 

Corrections 

Jet-boundary corrections to angle of attack and d rag  coefficient and blocking 
corrections to dynamic p res su re  have been applied to the wind-tunnel results.  The jet-
boundary corrections were determined from reference 10, and the blocking corrections 
were  determined from reference 11. 

PRESENTATION OF DATA 

The present resul ts  were  obtained in an investigation of a number of s imilar  
models. In o rde r  to avoid possible confusion in matching resul ts  with configurations, 
the data  f o r  each model are preceded by a detailed drawing of the model. The data con­
sist of longitudinal aerodynamic characterist ics over a sting-angle range, angle-of-attack 
variation of one of the parawing keel lines, and line lengths and rigging variations. Line-
tension coefficients are presented for  models 5 and 9. The resul ts  a r e  summarized in 
a plot of lift-drag ratio of the models as a function of resultant-force coefficient. 

The data and model drawings are presented in the following figures: 

Figure
Solid nose fairings: 

Sketch of model 5 with solid nose fairings . . . . . . . . . . . . . . . . . . . . .  11 
Effect of nose fairings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  12 

Model 1: 
Sketch of model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  13 
Effect of dynamic p res su re  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  14 
Effect of aft-keel-line shortening . . . . . . . . . . . . . . . . . . . . . . . . .  15 
Effect of tip-line and aft-keel-line shortening . . . . . . . . . . . . . . . . . . .  16 

Model 2: 
Sketch of model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  17 
Effect of dynamic p r e s s u r e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  18 
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Figure 
Effect of aft-keel-line shortening . . . . . . . . . . . . . . . . . . . . . . . . . .  19 

Effect of tip-line and aft-keel-line shortening . . . . . . . . . . . . . . . . . . .  20 


Model 3: 

Sketch of model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  21 

Effect of dynamic p res su re  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  22 

Effect of aft-keel-line shortening . . . . . . . . . . . . . . . . . . . . . . . . . .  23 

Effect of tip-line and aft-keel-line shortening . . . . . . . . . . . . . . . . . . .  24 


Model 4: 

Sketch of model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  25 


Effect of dynamic p res su re  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  26 


Model 5: 

Sketch of model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  27 

Effect of dynamic p res su re  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  28 

Effect of dynamic p res su re  (check tes ts)  . . . . . . . . . . . . . . . . . . . . . .  29 

Effect of tip-line and aft-keel-line shortening (CT included) . . . . . . . . . . .  30 


Model 6: 

Sketch of model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  31 

Effect of dynamic p res su re  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  32 

Effect of aft-keel-line shortening . . . . . . . . . . . . . . . . . . . . . . . . . .  33 

Effect of tip-line and aft-keel-line shortening . . . . . . . . . . . . . . . . . . .  34 

Effect of dynamic p res su re  (rerigged model) . . . . . . . . . . . . . . . . . . .  35 


Model 7: 

Sketch of model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  36 

Effect of dynamic p res su re  


Six-line leading-edge configuration . . . . . . . . . . . . . . . . . . . . . . . .  37 

Five-line leading-edge configuration . . . . . . . . . . . . . . . . . . . . . . .  38 


Model 8: 

Sketch of model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  39 

Effect of dynamic p res su re  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  40 


Model 9: 

Sketch of model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  41 

Effect of dynamic p res su re  (CT included) . . . . . . . . . . . . . . . . . . . . .  42 


Model 10: 

Sketch of model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  43 

Effect of dynamic p res su re  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  44 
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Figure 
Effect of aft-keel-line shortening . . . . . . . . . . . . . . . . . . . . . . . . . .  45 
Effect of tip-line and aft-keel-line shortening . . . . . . . . . . . . . . . . . . .  46 

Lift-drag ratio as a function of resultant-force coefficient: 
Effect of control-line shortening . . . . . . . . . . . . . . . . . . . . . . . . . .  47 
Effect of center-panel width . . . . . . . . . . . . . . . . . . . . . . . . . . . .  48 
Effect of keel-cant angle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  49 

Comparison of line-tension coefficients f o r  single- and twin-keel parawings . . . .  50 

DISCUSSION 

Application of Nose Fairing 

As shown in figure 11, several  solid fairings were used at the leading edge of the 
center panel of model 5. Photographs of model 5 with solid nose fairings, taken during 
tunnel tests, are shown in figure 4(a). The resul ts  of the tests are shown in figure 12. 
Increases in lift-drag ratio and angle-of-attack range are indicated as the fairing 
diameter is increased. 

Because any solid material  would add to the packing volume of the parawing, a cloth 
fairing held by string ties and supported by local air p res su re  was  applied to all the para-
wings. The flap used to form the solid fairings and the front keel lines were  removed. 
As sketched in figure 8, d a r t s  were taken in the nose a r e a  to shape o r  contour this area, 
and ties were added to stabilize the edge of the cloth. Photographs of the contoured nose 
fairing on model 5 are shown in figures 4(b) and 4(c). All the models were  made with 
fairings s imi l a r  to this  one. 

Effect of Dynamic P r e s s u r e  

The basic longitudinal aerodynamic characterist ics of the 10 models investigated 
along with the rigging determined in  the tether tes t s  are presented in figures 13 to 46. 
Each wing was tested at dynamic p res su res  of 1.0 and 2.0 lb/ft2 (47.9 and 95.8 N/m2). 
Typically, the resul ts  show a shift of the data to a lower ow at the higher dynamic pres­
s u r e  (see, f o r  example, fig. 14). This  effect was probably the resul t  of s t re tch of the 
l ines and canopy fabric under the s t r e s s  of the increased loading and a lessening of the 
effects of the weight of the fabric in the nose area as the wing weight became a smaller  
par t  of the total forces  on the wing. The maximum lift-drag .ratio and resultant-force 
coefficient at the higher dynamic p res su re  were  equal to o r  greater  than the values shown 
for  the lower dynamic p res su re  in most cases. Therefore, the discussion of various 
control-line settings is generally given throughout this paper for  only the higher dynamic 
pressure.  
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Performance 

Comparison of models with various keel-cant angles.- The resul ts  obtained from 
models with various keel-cant angles (models 1, 2, 3, 5, 8, 9, and 10) are presented in 
figure 49. In general, the lowest values of lift-drag ratio were  obtained with model 1, 
which had the aft ends of the keels canted inward to form a Y-shaped arrangement. 
Model 1 had a maximum lift-drag ratio of about 2.6. As the aft ends of the keels were  
swung outward from this position (models 2, 3, and 5), Iift-drag ratio and resultant-force 
coefficient increased. Increasing the cant angle beyond a parallel-keel arrangement 
(models 8, 9, and 10) increased lift-drag ratio slightly, but reduced the resultant-force 
coefficient appreciably. Model 9 had the highest lift-drag ratio (3.2 at  CR = 0.75); how­
ever, model 5 had lift-drag ratios nearly as high and they were indicated over a higher 
range of CR. Model 10, which had a modified nose shape and a keel-cant angle about 
the same as that of model 8, did not show an improvement in characterist ics over those 
of model 8. 

The values of lift-drag ratio and resultant-force coefficient obtained for  the better 
twin-keel parawings, show considerable improvement over values for  small-scale single-
keel parawings, for  which L/D = 2.4 a t  CR = 0.92 is typical (ref. 12). 

Flight testing.- Models 5 and 9 were dropped f rom an elevated platform about 90 ft 
(27.43 m) high. The resulting flights indicated good lift-drag ratio and stability. The line 
lengths for  flight were  the same  as for  tether tes t s  in the tunnel except that the control 
lines had to be lengthened. This has been the general experience in flight testing models 
f o r  which the rigging was determined in tunnel tests.  By comparing the line lengths f o r  
model 5 in table II with those in figure 28, it is found that an increase in the aft-keel-line 
length of about 0.04 Zk and an increase in tip-line length of about 0.07 l k  was necessary 
to r ig  for  free flight. 

In helicopter drop tests the small-scale rigging determined in the elevated-platform 
drop tes ts  was used f o r  the model of parawing 5 planform having the 22.76-ft (6.937-m) 
keel length. This parawing model was attached to an approximately 1/4-scale Apollo 
spacecraft. This configuration was not provided with controls, but was tested at Wallops 
Station with the use  of equipment and techniques described in reference 9. A record of 
the tes t s  is given in table III. As shown, the parawing with no turn (flight 1)and with 
moderate turn (flight 3) had vertical  velocities of 12.74 and 10.13 ft/sec (3.88 and 
3.09 m/sec); however, the wing with a high rate of turn (flight 2) had a vertical  velocity 
of 21.05 ft/sec (6.42 m/sec). These results confirm other observations of parawings 
in turns, for  which a high ra te  of descent in sharp turns has been noted. 

Results of extensive free-flight tests of both a single-keel parawing and twin-keel 
parawings were  reported in references 6 and 7 .  The stable free-flight characterist ics 
of the twin-keel parawings indicated in the very limited free-flight results of the present 
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paper were confirmed in these references, and the twin-keel parawing was judged rela­
tively easy to fly (as compared with the single-keel parawing) and capable of holding a 
heading for  long periods of time without control inputs. 

Comparison of parallel-keel parawings with various center-panel widths. - The 
resul ts  for  models 4, 5, 6, and 7 a r e  plotted in figure 48 for  two dynamic pressures .  
The widths of the center panels for these models were  as follows: 0.333 zk, model 4; 
0.400 lk, models 5 and 6; and 0.462 l k ,  model 7. Models 5 and 6 differed only in keel­
linelocation. A lift-drag ratio of 3.17 is shown for  model 4 at  a resultant-force coefficient 
of 0.81 for  the lower dynamic p res su re  (fig. 48(a)). Tes t  resul ts  in figure 48,(b) show that 
at  the higher dynamic -pressure,  model 5 had a maximum value of lift-drag ratio of 2.95, 
which was nearly as high as the maximum value of 3.00 shown for  the model 4, and that 
this value for model 5 occurred at a much higher resultant-force coefficient (CR = 0.95) 
than did the maximum value for  model 4. 

Effect of control-line changes.- Tests  were conducted f o r  some of the models with 
different lengths of keel control lines (aft keel lines) o r  with different lengths of all four 
rear lines (tip lines and aft keel lines). The values of lift-drag ratio for these tes t s  are 
plotted as functions of resultant-force coefficient in figure 47. A s  shown in the figure, 
shortening only the aft keel lines decreased the maximum lift-drag ratio somewhat and 
increased the values of maximum resultant-force coefficient. The maximum value of 
CR obtained in the present study was 1.28 (at L/D = 2.0) for  model 3. Pulling in all 
the control lines should essentially shift the range of sting angle of attack in which the 
parawing operates and, therefore, result in a s e r i e s  of coinciding curves for L/D as a 
function of CR. The curves in figure 47 for  all control lines shortened do not exactly 
coincide, but generally support the expected result, as shown, for example, in figure 47(c). 

Comparison With Results of Previous Large-Scale Tests  

Parawings with the model 5 planform have been tested previously, and the resul ts  
are reported in references 6, 7, and 8. Tests  of a parawing with a 15-ft (4.572-m) keel 
length a r e  reported in references 6 and 8; tes ts  of a parawing with a 22.7-ft (6.919-m) 
keel length are also reported in reference 6; and tes ts  of a parawing with a 72.0-ft 
(21.946-m) keel length a r e  reported in reference 7. The rigging determined in these 
tes t s  was essentially the same  as that determined in the present tes ts ;  however, a higher 
value of lift-drag ratio (3.4) was  reported in reference 6 and a slightly lower value (2.8) 
was  obtained in the tes ts  of reference 7. When flight tes t s  were made for the parawing 
with a 22.7-ft (6.937-m) keel length (ref. 6), it was found that the tip l ines could be best  
set a t  0.617 i k  and the aft keel lines at  0.916 l k .  This  result  indicates that the tip-
line setting during the previously discussed elevated-platform tests  of model 5 may have 
been nearly 0.08 l k  too long. The small-scale wind-tunnel tes t s  and elevated-platform 
flight tes ts  were found adequate to determine the basic rigging for  the large-scale tests.  
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Comparison With Line-Tension Coefficients of a Single-Keel Model 

Line-tension coefficients were  measured for  parawings 5 and 9, and the resul ts  
are included in figures 30 and 42. Results f r o m  reference 1for  a single-keel parawing 
and values obtained for  twin-keel model 5 are compared in figure 50. Note that although 
the test points in these figures are connected by l ines  for  clarity they represent discrete  
line loads. The measurements indicated that there  was  a high loading (high line-tension 
coefficient) near the front of the keels of the twin-keel parawing and that this loading 
decreased toward the trail ing edge of the parawing. The character of this loading differs 
considerably from the loading on the keel of the single-keel parawing (see fig. 50). Sim­
ilar characterist ics of loading are shown for  the leading-edge l ines of the single-keel and 
twin-keel models. 

The differences shown in the general level of the values of CT f o r  the two para-
wing planforms may be explained by the differences in the number of lines and in the dis­
tribution of loads for  a single-keel and a twin-keel parawing of the same  a r e a  at  the same  
dynamic pressure.  The a r e a  of the triangular panels of the twin-keel parawing is 60 per­
cent of the area of the s imilar  panels of the single-keel parawing. Therefore, if the dis­
tribution of loads in  the l ines attached to the triangular panels of a single-keel parawing 
and of a twin-keel parawing is about the same, then the line-tension coefficient for  the 
leading-edge lines on the twin-keel parawing would be about 60 percent of that for  the 
corresponding lines on the single-keel parawing. The loads f rom the center panel of the 
twin-keel parawing and from the triangular panels acting on the keel lines should also be 
about 60 percent of the line loads of the single-keel parawing if calculated on a constant­
load-per-unit-area basis.  This reduced loading and the more  even distribution of the 
loads on the lines account f o r  the apparently low values of line-tension coefficients shown 
f o r  the twin-keel parawing. 

CONCLUDING REMARKS 

An investigation has been made in the 1'I-foot (5.18-meter) test  section of the 
Langley 300-MPH 7- by 10-foot tunnel and in free flight to obtain the rigging and aerody­
namic characterist ics of a s e r i e s  of twin-keel parawings designed to have increased lift-
d rag  ratio and usable lift-coefficient range as compared with a single-keel parawing. 

The maximum observed lift-drag ratios of the models ranged from 2.6 to 3.2. The 
model with the center panel which tapered from 40-percent keel length at the nose to 
80-percent keel length at  the trailing edge had the highest lift-drag ratio. The resultant-
force coefficient for  this model was about 0.75 at the maximum lift-drag ratio. Maximum 
resultant-force coefficient was increased and maximum lift-drag ratio was decreased by 
shortening the aft keel lines. The maximum value of resultant-force coefficient shown 
f o r  the se r i e s  of models was 1.28 (at a lift-drag ratio of 2.0); this value was obtained for  
the model with the center panel which tapered from 40-percent keel length at the leading 
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edge to 20-percent keel length a t  the trailing edge. The model with parallel keels and a 
center-panel width of 40-percent keel length reached a lift-drag ratio of 2.95 at  a 
resultant-f o r ce coefficient of 0.9 5. 

Line-load measurements indicated a high loading at the front of the keels and a 
decrease in loading toward the trailing edge of the parawing. This keel loading differs 
significantly from previously reported measurements on a single-keel model. The 
leading-edge line loads were s imilar  for  the twin- and single-keel parawings. 

Results of a limited flight-test program indicated that the twin-keel parawing would 
glide when the rigging, except for  control-line length, was s e t  as determined in the small-
scale wind-tunnel tests. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Hampton, Va., June 5, 1970. 
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TABLE 1.- GEOMETRIC CHARACTERISTICS OF TWIN-KEEL MODELS 

Model Lk, c ,  Flat span,
number in. (cm) in. (cm) in. (cm) 

~ 

75.0 (190.50) 60.0 (152.40) 114.9 (291.85) 28.35 (2.634) 

75.0 (190.50) 60.0 (152.40) 114.9 (291.85) 28.35 (2.634) 

75.0 (190.50) 60.0 (152.40) 114.9 (291.85) 29.26 (2.718) 

72.0 (182.88) 60.0 (152.40) 108.9 (276.60) 27.86 (2.588) 

75.0 (190.50) 60.0 (152.40) 114.9 (291.85) 30.18 (2.804) 

75.0 (190.50) 60.0 (152.40) 114.9 (291.85) 30.18 (2.804) 

78.0 (198.12) 60.0 (152.40) 120.9 (307.09) 32.69 (3.037) 

75.0 (190.50) 60.0 (152.40) 114.9 (291.85) 31.09 (2.888) 

75.0 (190.50) 60.0 (152.40) 114.9 (291.85) 32.01 (2.974) 

70.6 (179.32) 60.0 (152.40) 105.9 (268.99) 27.36 (2.542) 
__. __ .- . _. . ­
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TABLE II.- LINE LENGTHS USED IN FLIGHT TESTS 


Leading-edge 
~~ 

0.9275 

.9062 

.8879 

.8413 

.7767 

.6971 

l /Lk  Keel l/lk Leading-edge 

Elevated-platf orrr drop tes t s  

0.9688 0.9354 

.9825 .9213 

.9775 .8745 

.96 96 .8189 

.9746 .7528 

.972 1 .6614 

.9788 

.9733 

.9646 

.9571 

.93 12 

.907 1 

Helicopter drop tes ts  

Model 9 

l / l k  1 Keel l/lk 

0.9948 

.992 1 

.9790 

.9743 

.9638 

.9517 

.9475 

.93 96 

.9286 

.9202 

.8950 

.8719 

6 
12 

(All l ines the same as in  elevated-
platform tes t s  except aft keel 
lines and tip lines) 

0.6847 
0.8897 
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TABLE II1.- RECORD O F  HELICOPTER DROP TESTS AT WALLOPS STATION 


(6.937-m) parawing model 5 and an 

approximately 1/4-scale Apollo spacecraft 1 


~ 

Measurement Flight 1 Flight 2 Flight 3 
~~ .. 

Altitude, f t  (m) . . . . . . . . . . . . .  300.0 (91.4) 300.0 (91.4) 500.0 (152.4) 

Flight time, s ec  . . . . . . . . . . . . .  18.2 12.0 42.0 

Control, A.?/Zk . . . . . . . . . . . . .  0 0.0439 right 0.0330 right 

Mass, lb (kg) . . . . . . . . . . . . . .  221.8 (100.6) 221.8 (100.6) 221.8 (100.6) 

Vertical velocity,a ft/sec (m/sec) . . 12.74 (3.88) 21.05 (6.42) 10.13 (3.09) 
~ . .  

avertical  velocity calculated with 100 f t  (30.5 m) allowed fo r  deployment of the 
parawing. 
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c,. 
Center of moments 1 

(confluence point) 

Q 

b“’\ 
Model plane of 

symmetry 

Figure 1.- Sketch showing positive direct ion of forces, moments, and angles used in  presentation of data. 



Mode/ / 

Mode/ 3 


Mode/s 5ond6 


Mode/ 8 


Figure 2.-

Mode/ 2 

Mode/ 4 

,A\ 

Mode/ 7 

Mode/ 9 

Mode/ 10 


Planforms of models tested. 
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Leading edge I t o 5  
[ K e e l  I to If ,-Keel 12 

.067 


cLeading 
edge 6 

y Cenfer  of moments 

Figure 3.- Parawing l ine  attachments t o  balance for t u n n e l  tests. (Dimensions are fract ions of t h e  twin-keel length for t he  main series 
of parawings, zk = 75 in. (190.50 cm).) 
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(a) Solid nose fairings. 

(b)  Contoured nose fair ing. 

(c) Front  and rear enlarged views of contoured nose fair ing. 


Figure 4.- Photographs of fair ings tested o n  twin-keel model 5. L-70- 1666 
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.. .. ..... .. 

(b) Model 2. 

(c) Model 3. 


Figure 5.- Photographs of twin-keel models 1, 2, and 3. L-70-1667 
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(a) Model 4. 

(b) Model 7 wi th  six leading-edge lines. 

(c) Model 7 w i t h  five leading-edge lines. 


Figure 6.- Photographs of twin-keel models 4 and 7. L-70- 1668 
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(a)  Model 8. 

(b) Model 9. 

(c) Model 10. 

Figure 7.- Photographs of twin-keel models 8, 9, and 10. L-70-1669 
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/ \ 
/ \ 

/ \ 
/ \

I \ 
\ ,Length o f  ties = H 

Dimensions in fraction o f  lk 

Lef fer  Models /,2,3,5,6,8,9 Model 4 Model 7 
dimension Zk =75in./ I  90.5Ocm) lk=72in.f18288cm) Zk'78ifl. (f98f2Cm) 

A 0 . 0 5 4  0.045 0.062 
B ,063 .052 ,073 

c .2m .I67 ,231 
D ,066 ,069 ,064 
E .017 .Of4 , 0 1 9  

F ,080 .083 . 0 7 7  
G .040 .042 ,038 
H 026 .028 ,025 
I ,096 .079 . I 1  I 
J .020 .02I .Of9 
K .022 ,023 .02I 

(a) Models 1 to 9. 

Figure 8.- Dimensions of darts and t ies used in contour ing  t h e  nose. (A l l  dimensions are in percent keel length; hatched areas indicate 
darts made to shape the  nose.) 
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/ /4\,1 \ 
/ \ 

/ I \ 

(b) Model 10. 

Figure 8.- Concluded. 
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Left 

(a) Details of l i ne  attachments. 

38.0(96.5) 

(b) Side view of Apollo spacecraft model. 

Figure 9.- Line attachments fo r  the larger model of twin-keel parawing 5 used wi th  Apollo spacecraft model as payload. (Dimensions are given 
in inches and parenthetical ly in centimeters.) 
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Figure 10.- Model of Apollo spacecraft mounted on the helicopter. L-70- 1670 
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Figure 11.- Solid nose fairings used on model 5. 
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Figure 12.- Aerodynamic characterist ics for twin-keei parawing model 5, w i th  each of three solid nose fair ings. q = 2.0 Ib/ft2 (95.8 N/m% 
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Figure 12.- Concluded. 
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Figure 13.- Flat-planform details of twin-keel parawing model 1. 
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Figure 14.- Effect of dynamic pressure o n  t h e  aerodynamic characteristics of twin-keel parawing model 1. 
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Figure 14.- Concluded. 
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Figure 15.- Effect of aft-keel- l ine shor ten ing on  t he  aerodynamic characterist ics of twin-keel parawing model 1. q = 2.0 Ib/ft2 (95.8 N/m2). 
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Figure 15.- Concluded. 
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Figure 16.- Effect of t ip- l ine and afl-keel-line shortening on t he  aerodynamic characteristics of twin-keel parawing model 1. q = 2.0 Ib/ft2 (95.8 N/m2). 
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Figure 16.- Concluded. 
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Figure 17.- Flat-planform details of twin-keel parawing model 2. 
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Figure 18.- Effect of dynamic pressure o n  the  aerodynamic characterist ics of twin-keel parawing model 2. 
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Figure 18.- Concluded. 
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Figure 19.- Effect of aft-keel-line shortening on the  aerodynamic characteristics of twin-keel parawing model 2. q = 2.0 Ib/ft2 (95.8 N/m2). 
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Figure 19.- Concluded, 
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Figure 20.- Effect of t ip- l ine and aft-keel-line shortening on the aerodynamic characteristics of twin-keel parawing model 2. q = 2.0 Ib/ft2 (95.8 N/mz). 
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Figure 20.- Concluded. 
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Figure 21.- Flat-planform details of twin-keel parawing model 3. 
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Figure 22.- Effect of dynamic pressure o n  the  aerodynamic characterist ics of twin-keel parawing model 3. 
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Figure 22.- Concluded. 
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Figure 23.- Effect of aft-keel-line shortening on t h e  aerodynamic characteristics of twin-keel parawing model 3. q = 2.0 Ib/ft2 195.8 N/m2). 
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Figure 24.- Effect of t ip- l ine and aft-keel-line shortening on the aerodynamic characteristics of twin-keel parawing model 3. q = 2.0 Ib/ft2 195.8 N/m2). 
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Figure 25.- Flat-planform details of twin-keel parawing model 4. 

53 




I. 

0 / 429 
0 2 95.8 

4 
~ 

3 ili ' I  
3­

-%. 

1t 1 ' I
I -r 

I I; 
l 

I 

8 
I 

f 2  I6 
I - ;  

I6 20 

Figure 26.- Effect of dynamic pressure on the aerodynamic characterist ics of twin-keel parawing model 4. 
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Figure 26.- Concluded. 
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Figure 27.- Flat-planform details of twin-keel parawing model 5. 
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Figure 28.- Effect of dynamic pressure o n  the  aerodynamic characteristics of twin-keel parawing model 5. 
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Figure 29.- Effect of dynamic pressure on  t h e  aerodynamic characterist ics of twin-keel parawing model 5. Check tests. 
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Figure 30.- Effect of t ip- l ine and aft-keel-line shortening on t h e  aerodynamic characteristics of twin-keel parawing model 5. q = 2.0 Ib/ft2 (95.8 N/m2). 
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Figure 30.- Continued. 
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Figure 31.- Flat-planform details of twin-keel parawing model 6. 
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Figure 32.- Effect of dynamic pressure on t h e  aerodynamic characterist ics of twin-keel parawing model 6. 
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Figure 32.- Concluded. 
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Figure 33.- Effect of aft-keel- l ine shortening on t h e  aerodynamic characteristics of twin-keel parawing model 6. q = 2.0 Ib/ft2 (95.8 N/m2). 
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Figure 34.- Effect of t ip- l ine and aft-keel-line shortening on the aerodynamic characteristics of twin-keel parawing model 6. q = 2.0 Ib/ft2 (95.8 N/m2L 
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Figure 34.- Concluded. 

13 



3 

0 LC 

a 

I 


.7 T
I 


.6 i 

.5 


CD 


A 


.3 
-4  0 4 8 


Figure 35.- Effect of dynamic pressure 
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o n  the  aerodynamic characterist ics of twin-keel parawing model 6, rerigged. 
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Figure 35.- Concluded. 
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Figure 36.- Flat-planform details of twin-keel parawing model 7. 
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Figure 37.- Effect of dynamic pressure on  the aerodynamic characterist ics of twin-keel parawing model 7 wi th  six l ines on each leading edge. 
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Figure 38.- Effect of dynamic pressure o n  the  aerodynamic characterist ics of twin-keel parawing model 7 wi th  five l ines on  each leading edge. 
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Figure 39.- Flat-planform details of twin-keel parawing model 8. 
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Figure 40.- Effect of dynamic pressure on  t he  aerodynamic characterist ics of twin-keel parawing model 8. 
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Figure 40.- Concluded. 
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Figure 41.- Flat-planform details of twin-keel parawing model 9. 
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Figure 42.- Effect of dynamic pressure on the  aerodynamic characteristics of twin-keel parawing model 9. 
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Figure 42.- Continued. 
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Figure 42.- Concluded. 
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Figure 44.- Effect of dynamic pressure o n  the aercdynamic characteristics of twin-keel parawing mcdel 10. 
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Figure 44.- Concluded. 
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Figure 45.- Effect of aft-keel-line shor ten ing o n  the  aerodynamic characterist ics of twin-keel parawing model 10. q = 2.0 Ib/ft2 (95.8 N/m2). 
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Figure 46.- Effect of t ip- l ine and aft-keel-line shortening on t h e  aerodynamic characterist ics of twin-keel parawing model 10. q = 2.0 Ib/ft2 (95.8 N/m2). 
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Figure 47.- Effect of cont ro l - l ine shortening on the variat ion of VD with CR. q = 2.0 Ib/ftz (95.8 N/m2). 
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Figure 47.- Continued. 
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(a) q = 1.0 Ib/ft2 (47.9 N/m2). 

Figure 49.- Effect of keel-cant angle on  the variat ion of lift-drag rat io w i th  resultant-force coefficient. 
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q = 2.0 Ib/ft2 (95.8 N/m2). 

102 



